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Abstract
Phospholipase D has been implicated in membrane traffic in the secretory pathway of yeast and of some mammalian cell
lines. Here we investigated the involvement of phospholipase D in protein transport at various steps of the secretory pathway
of mammary epithelial cells. Treatment of rabbit mammary explants with butanol, which blocks the formation of
phosphatidic acid, decreased the secretion of caseins and to a lesser extent that of whey acidic protein. Butanol interfered
with both the endoplasmic reticulum to Golgi complex transport of the caseins and secretory vesicle formation from the
trans-Golgi network. In contrast, the transport of whey acidic protein to the Golgi was less affected. Activation of protein
kinase C enhanced the overall secretion of both markers and interestingly, this stimulation of secretion was maintained for
whey acidic protein in the presence of butanol. Transphosphatidylation assays demonstrated the existence of a constitutive
phospholipase D activity which was stimulated by the activation of protein kinase C. We conclude that phospholipase D
plays a role in casein transport from the endoplasmic reticulum to the Golgi and in the secretory vesicle formation from the
trans-Golgi network. Moreover, our results suggest a differential requirement for phospholipase D in the secretion of caseins
and that of whey acidic protein. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Phospholipids play a key role in the constitutive
membrane tra⁄c which occurs in all eukaryotic cells
(for review see [1,2]). The mechanisms involved in
these tra⁄cking events and their regulations most
likely include local modi¢cations of the lipid compo-
sition of membranous sub-domains. This in turn im-
plies the participation of lipid-modifying enzymes re-
sponsible for the production or the consumption of
speci¢c lipids. Among such enzymes, phospholipase
D (PLD), which catalyses the hydrolysis of phospha-
tidylcholine (PC) to phosphatidic acid (PA) and cho-
line, has been described to participate in both the
endocytic and exocytic membrane tra⁄c (for review
see [3^5]). Two isoenzymes, PLD1 and PLD2, have
so far been identi¢ed. With regard to secretory pro-
tein tra⁄c, PLD1 has been implicated in the trans-
port from the endoplasmic reticulum (ER) to the
Golgi apparatus [6] and in vesicle budding from the
trans-Golgi network (TGN) [7^9] for both constitu-
tive and regulated secretion [10]. It has been shown
that the activity of PLD1 is stimulated by several
classes of molecules (for review see [11]), including
Rho [12,13], a small GTP-binding protein, and var-
ious protein kinase C isoenzymes (PKC) [14,15]. The
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fact that the enzyme is also activated by the ADP-
ribosylation factor (ARF) [16,17], a ras-like GTP-
binding protein required for the recruitment of
non-clathrin coat proteins [16^18], is particularly rel-
evant to the implication of PLD in the vesicular
transport which occurs in the secretory pathway
and the formation of secretory vesicles from the
TGN. Finally, an increase in intracellular PA has
been shown to stimulate the transport of secretory
proteins from the ER to the Golgi [6] and from the
TGN to the plasma membrane [7].
During lactation, mammary epithelial cells (MEC)
synthesise and secrete a huge amount of milk pro-
teins and, in most mammals, the main milk proteins
are the caseins. The caseins are a family of four acid
phosphoproteins (Ks1-, Ks2-, L- and U-casein; for re-
view see [19]) which are found in milk as aggregates,
the so-called casein micelles. Morphological [20] and
biochemical [21,22] studies have led to the conclusion
that the formation of casein micelles occurs in the
late secretory pathway, via calcium-mediated aggre-
gation subsequent to phosphorylation of the caseins
in the Golgi apparatus. However, the detailed mech-
anisms of the formation of casein micelles remain to
be elucidated. Nevertheless, it is believed that these
structures form as a result of the aggregation of sub-
units, the casein submicelles, and particles, tenta-
tively identi¢ed as those premicellar subunits, can
be observed as early as the cis-Golgi [20]. As to the
precise site of casein phosphorylation, a study [23]
showed that short incubation of mouse MEC with
brefeldin A resulted in a decrease of the phosphory-
lation of L-casein but not of Ks-caseins. These results
strongly suggest that phosphorylation of Ks-caseins
occurs in the Golgi cisternae while that of L-casein
takes place in the TGN. In addition, U-casein is
O-glycosylated [24]. Another major milk protein
which is not part of the casein micelles in rodents
and lagomorphs is whey acidic protein (WAP). In
rat, WAP was shown to be also phosphorylated
[25] and the determination of the primary sequence
of the rabbit protein revealed a potential phosphory-
lation site [26]. Phosphorylation of rabbit milk
WAP was indirectly demonstrated by in vitro de-
phosphorylation [27].
To obtain further information on the role of PLD
in membrane transport in the secretory pathway and
in secretory vesicle formation from the TGN, we
took advantage of the high secretory activity of
MEC. The fact that the main secretory markers in
this cell system are subjected to post-translational
modi¢cation in the Golgi apparatus was utilised to
speci¢cally investigate the potential implication of
PLD in transport events occurring between the ER
and the Golgi apparatus. Moreover, we examined
whether the constitutive PLD activity in MEC, and
thereby milk protein secretion, could be stimulated.
2. Materials and methods
2.1. Preparation of mammary gland explants and
metabolic labeling
Mammary gland explants were prepared from
New Zealand rabbits on the 14th day of ¢rst lacta-
tion as previously described [28]. In brief, mammary
tissue was removed from the animal immediately
after death, a sample was dissected free from con-
nective tissue and manually cut into V1 mm3 frag-
ments. In some experiments, tissue was minced using
a multi-mounted razor blade device. For metabolic
labeling, explants were ¢rst preincubated for 30 min
at 37‡C in DMEM without methionine and cysteine
under an atmosphere of 95% O2/5% CO2 and then
pulse-labeled for 3 min in methionine/cysteine-free
DMEM containing 1.85 MBq/ml (50 WCi/ml)
[35S]methionine/cysteine mix (Pro-mix, Amersham
Pharmacia Biotech, Les Ulis, France). To stop the
labeling, explants were ¢ltered on Cell Strainer (100
Wm, Falcon, Becton Dickinson France SA, Le Pont-
de-Claix, France) and extensively washed with com-
plete DMEM. For secretion analysis, explants were
then divided into Cell Strainers (about 100 mg of
explants was used per experimental condition) and
chased for the indicated times under gentle rotary
shaking in the wells of 6-well cluster plates contain-
ing 5 ml complete DMEM supplemented or not with
either 1% butanol, 1% terbutanol, 1 WM phorbol
12,13-dibutyrate (PDBu, a PKC activator) or buta-
nol plus PDBu, in 10% CO2 in air at 37‡C. In some
experiments, lower ¢nal butanol concentration were
used as indicated in Table 1. To analyse the e¡ect of
primary alcohol on the maturation of caseins and
WAP, pulse-labeled explants were chased for either
15 or 30 min in the absence or the presence of buta-
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nol, as described above. Shorter periods of chase
were used to determine the kinetics of maturation
in the absence of butanol and are indicated in the
¢gure legends. To analyse the transport of secretory
proteins from the TGN, pulse-labeling was followed
by incubation for 60 min at 20‡C in complete
DMEM under an atmosphere of 95% O2/5% CO2.
Explants were then divided and further chased at
37‡C in the absence or the presence of the e¡ectors
as described above. In some experiments, the timing
of butanol addition with respect to the chase at 37‡C
varied, as indicated in the ¢gure legends.
2.2. Analysis of milk protein secretion and maturation
At the end of the pulse or the chase, explants in
Cell Strainer were separated from the incubation me-
dium, extensively washed with ice-cold Tris bu¡er
saline (25 mM Tris^HCl pH 7.4, 4.5 mM KCl, 137
mM NaCl, 0.7 mM Na2HPO4) and homogenised at
4‡C in 1 ml of 10 mM HEPES bu¡er pH 6.7 con-
taining 0.25 M sucrose, 1 mM EGTA, 1 mM EDTA,
1 mM magnesium acetate and 0.5 mM phenylmethyl-
sulphonyl £uoride (PMSF) with three strokes of a
tissue grinder (AA2 Te£on/glass, Thomas Scienti¢c,
NJ, USA). The homogenate was centrifuged for 10
min at 1000Ug and 4‡C and the resulting superna-
tant, referred to as post-nuclear supernatant (PNS),
was collected. In some experiments, proteins from
PNS and medium were precipitated with trichloro-
acetic acid (TCA, 10% ¢nal concentration). Proteins
from the medium and from an aliquot of the PNS (1/
25th) were analysed by SDS-PAGE followed by £u-
orography. In some experiments, proteins from the
PNS were subjected to two-dimensional electropho-
resis (2D-PAGE), as indicated in the ¢gure legends.
2.3. Subcellular fractionation
The e¡ect of butanol on the transport of milk
proteins from the ER to the Golgi apparatus was
also monitored by pulse-chase labeling in conjunc-
tion with subcellular fractionation using equilibrium
sucrose gradient centrifugation essentially as previ-
ously described by Tooze and Huttner [29]. Explants
were pulse-labeled or labeled and chased for 15 min
in the absence or the presence of 1% butanol. At the
end of the pulse or the chase, a PNS was prepared
from explants and loaded onto a linear sucrose gra-
dient (0.3^2.0 M sucrose in 10 mM HEPES^KOH
pH 6.7) which was then centrifuged at 25 000 rpm
(V110 000Ug) in a Beckman SW41 rotor for 5 h
at 4‡C. Twelve fractions (1 ml) were collected from
the top of the gradient. Proteins from each fraction
were TCA-precipitated and analysed by SDS-PAGE
followed by £uorography.
2.4. Sialyltransferase assay
To analyse the distribution of sialyltransferase ac-
tivity across the gradient, 50 Wl of each fraction was
mixed with 50 Wl of assay bu¡er (10 mM HEPES^
KOH pH 6.7, 5 mM MgCl2, 1% Triton X-100) con-
taining 4.8 mg/ml asialofetuin and 46 kBq/ml (1.25
WCi/ml) cytidine 5P-monophospho[14C]sialic acid
(Amersham Pharmacia Biotech), at 4‡C. Samples
were then incubated for 10 min at 37‡C and the re-
action was stopped by addition of 1 ml of 20% TCA.
TCA-precipitated proteins were solubilised in a small
volume of 0.5 M NaOH and the radioactivity was
measured by liquid scintillation counting.
2.5. PLD assay
The PLD activity in explants was assayed by mea-
suring the formation of [14C]PA and [14C]phospha-
Table 1
E¡ect of di¡erent concentrations of butanol on the secretion of
newly synthesised caseins and WAP
Butanol concentration (%) [35S]Met/Cys-labeled proteins
in medium (% of control)
Caseins WAP
0 100 100
0.25 91 þ 5 102 þ 1
0.50 77 þ 9 103 þ 1
0.75 59 þ 19 72 þ 9
1.00a 50 þ 4 75 þ 11
Mammary gland explants were pulse-labeled for 3 min with
[35S]methionine/cysteine and then chased for 90 min in the ab-
sence or presence of various concentration of butanol, as indi-
cated. The percentage of secretion was calculated as described
in Fig. 1. The results are expressed as a percentage of control.
The mean þ deviation of single value from the mean of two
triplicate experiments and (a) the mean þ S.D. of 12 triplicate
experiments are shown.
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tidyl butanol (PtdBut), speci¢c products of the deg-
radation of PC by PLD [30], in the absence or the
presence of 1% butanol, respectively. Explants were
washed for 30 min and incubated for 3 h with 185
kBq/ml (5 WCi/ml) [14C]oleic acid (Amersham Phar-
macia Biotech), all in DMEM at 37‡C under an at-
mosphere of 95% O2/5% CO2. Explants were then
¢ltered onto Cell Strainer, extensively washed with
DMEM, divided and further incubated for 30 or 90
min in 5 ml DMEM in the absence or the presence of
1% butanol, 1 WM PDBu or butanol plus PDBu, as
described above. After a brief wash in ice-cold Tris
bu¡er saline, cells were lysed in 0.5 ml chloroform/
methanol/HCl (50:50:0.3, v/v) plus 0.35 ml of 1 M
HCl containing 5 mM EGTA with a Potter (glass/
glass, DUALL 20, Kontes Glass Co, NJ, USA). The
cell lysate was collected and the remainder of tissue
was further homogenised with 0.5 ml chloroform/
methanol/HCl. Pooled homogenates were subjected
to vigorous shaking and phase separation was ob-
tained by centrifugation for 5 min at top speed in a
Heraeus Biofuge pico centrifuge. The organic phase
was collected and dried in a SpeedVac. Lipids were
then dissolved in 10 Wl chloroform/methanol/HCl
and spotted onto a 20 cm silica gel plate (Merck
SA, Nogent-sur-Marne, France). The plate was
developed in the organic phase of a mixture of
ethylacetate/2,2,4-trimethylpentane/acetic acid/water
(13:2:3:10, v/v). With this solvent system [31,32],
PtdBut (Rf 0.5) and PA (Rf 0.26) are separated
from each other and from both PC (Rf 0.01) and
neutral lipids, the latter migrating at the solvent
front. After migration, the plate was exposed to X-
ray sensitive screen (Phosphor-screen, Molecular Dy-
namics SA, Bondou£e, France) and the radioactivity
associated with the di¡erent types of phospholipids
was quanti¢ed using the software Image QuaNT
(Molecular Dynamics).
2.6. Electron microscopy
Explants were washed for 30 min and incubated
for 30 min in the absence or the presence of 1%
butanol, all in regular DMEM under an atmosphere
of 95% O2/5% CO2 at 37‡C. Samples were then ¢xed
with 2% glutaraldehyde in 0.1 M cacodylate bu¡er
pH 7.2 for 30 min, post¢xed with 1% OsO4 in the
same bu¡er, dehydrated, contrasted with uranyl ace-
tate and embedded in Epon. Thin sections were con-
trasted with lead citrate and examined in a Philips
CM12 microscope. The relative surface occupied by
secretory vesicles in control and butanol-treated cells
was estimated by spot numbering [33] on eight inde-
pendent micrographs and the mean þ S.D. was calcu-
lated.
2.7. Gel electrophoresis and quanti¢cation of
radioactivity in protein
SDS-PAGE was performed according to Laemmli
[34] using 13% gel. 2D-PAGE was essentially per-
formed according to O’Farrell [35] using 7% (v/v)
preblended ampholytes, pH 3.5^9.5 (Ampholines,
40% w/v; Amersham Pharmacia Biotech) in the ¢rst
dimension and 13% gels in the second dimension.
Gels were stained, destained and processed for £uo-
rography as previously described [36]. Gels were ex-
posed to X-ray sensitive screen and the radioactivity
associated with caseins and WAP was quanti¢ed us-
ing the software Image QuaNT. For caseins and
WAP, the percentage of secretion was expressed as
the ratio of labeled protein in medium to total la-
beled protein (medium plus PNS). The distribution
of caseins across sucrose gradients was estimated by
the amount of [35S]methionine/cysteine-labeled Ks2-
casein in each fraction.
3. Results
To investigate the implication of PLD in the secre-
tion of milk proteins, rabbit MEC were treated with
primary alcohols. In the presence of primary alco-
hols, but much less with tertiary alcohols, the pro-
duction of PA is inhibited because the catalytic ac-
tivity of PLD is diverted to the ¢xation of the
alcohol to phosphoglycerolipids. This reaction,
named transphosphatidylation [37], has been shown
to occur with, at least, ethanol, propanol and buta-
nol. The product formed in the presence of butanol is
called phosphatidyl-butanol (PtdBut). The e¡ects of
this inhibition of PLD-catalysed PA production by
primary alcohol was studied on the transport of milk
proteins from the ER to the Golgi apparatus and
from the TGN to the plasma membrane. Conversely,
the e¡ect of an increase in PA production was inves-
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tigated after stimulation of PLD activity by PDBu, a
PKC activator.
3.1. Butanol di¡erentially a¡ects the secretion of
caseins and WAP
To study the e¡ect of butanol on the secretion of
milk proteins, MEC were pulse-labeled for 3 min
with [35S]methionine/cysteine and chased in the ab-
sence or the presence of either 1% terbutanol (tBut)
or butanol (But). After the chase, proteins from me-
dia and an aliquot (1/25th) of the PNS prepared from
tissue were analysed by SDS-PAGE and the extent of
secretion was quanti¢ed. As shown in Fig. 1A, ca-
seins and WAP are the most abundant secretory pro-
teins, representing v 80% of newly synthesised pro-
teins. After a short pulse newly synthesised caseins
and WAP were found under their immature rough
ER forms (Fig. 1A, left lane). After chase, immature
L- and U-casein and to a lesser extent WAP were
converted to more slowly migrating forms (Fig. 1A,
right bracket and arrow). This reduction in their elec-
trophoretic mobility is due to their phosphorylation
and, in the case of U-casein, O-glycosylation, during
their transport through the secretory pathway. 2D-
PAGE [28] and immunoblotting (our unpublished
results) had previously revealed that immature and
mature forms of the caseins and WAP have distinct
isoelectric points. However, the apparent molecular
mass of mature Ks1-, L- and U-caseins is almost iden-
tical [28] (see Fig. 4B). Therefore, the amount of ca-
seins in PNS and medium was estimated by quanti-
¢cation of the total radioactivity associated with the
C
Fig. 1. Butanol di¡erentially a¡ects the secretion of milk pro-
teins. Mammary gland explants were pulse-labeled for 3 min
with [35S]methionine/cysteine and then chased for the indicated
times in the absence or the presence of 1% butanol or terbuta-
nol. The medium and an aliquot of the PNS (1/25th) prepared
from tissue collected at the end of the various chase period
were analysed by SDS-PAGE followed by £uorography. (A) The
£uorogram shows [35S]methionine/cysteine-labeled proteins in
PNS (PNS) after the pulse and in PNS and medium (Med)
after the pulse followed by 90 min of chase in the absence (3)
or the presence (+) of butanol. Ks1 : Ks1-casein; L : L-casein; U :
U-casein; Ks2 : Ks2-casein. Right bracket: area of the gel contain-
ing mature caseins. Arrow: WAP. Positions of the molecular
mass markers (kDa) are indicated on the right. (B) Representa-
tive kinetics of the secretion of the caseins (top) and WAP (bot-
tom). For each marker, [35S]methionine/cysteine-labeled protein
in PNS and medium were quanti¢ed and the amount in me-
dium was expressed as a percentage of the sum of labeled ca-
seins or WAP in cells plus medium (percentage of secretion).
Control (triangles), butanol (circles), terbutanol (squares). The
mean þ S.D. of a triplicate experiment is shown. Note the di¡er-
ence in the scales of the ordinates.
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four caseins (Fig. 1A, brackets). It is worth noting
that, in control conditions, the proportion of labeled
caseins recovered in the medium appeared to be 2^3
times smaller than that of WAP (Fig. 1B). This dis-
crepancy between the overall transport of the two
proteins in the secretory pathway most likely re-
£ected the time required for the caseins to aggregate
into micelles in the Golgi complex prior to their re-
lease in the medium.
With regard to the possible role of PLD in milk
protein secretion, we observed that the amount of
[35S]methionine/cysteine-labeled caseins and WAP re-
covered in secretion medium after 90 min of chase in
the presence of butanol was decreased (Fig. 1A,
Med, +). To investigate this possibility further, we
studied the kinetics of secretion of milk proteins in
the absence or the presence of either 1% butanol or
terbutanol. As expected, casein secretion was not af-
fected by the tertiary alcohol (Fig. 1B, upper panel).
In contrast, 1% butanol greatly reduced their kinetics
of secretion. In comparison, the secretion of WAP
was less a¡ected by the primary alcohol and, for
unknown reason, slightly increased by terbutanol
(Fig. 1B, lower panel). Twelve independent experi-
ments (triplicate experiments) con¢rmed that after a
90-min chase 1% butanol reduced the secretion of the
caseins by V50% whereas that of WAP was only
reduced by V25% (Table 1). Similar results were
obtained with 3% ethanol and a decrease in milk
protein secretion was also observed in the presence
of propanol-1 (data not shown). Table 1 also indi-
cates that inhibition of casein secretion was already
observed in the presence of 0.25% butanol whereas
WAP secretion was only a¡ected when the butanol
concentration was higher to 0.5%. Most signi¢cantly,
inhibition of casein secretion by butanol was concen-
tration-dependent. These results strongly suggested
that milk protein secretion involved PLD-dependent
mechanisms. The fact that the secretion of caseins
and WAP was di¡erentially a¡ected by butanol,
however, indicated that the transport of the two pro-
teins in the secretory pathway might require distinct
levels of PLD activity.
3.2. Constitutive and PDBu-stimulated PLD activity
in MEC
Given the present observation that butanol de-
creased milk protein secretion, it was important to
determine whether or not this re£ected the diversion
of the endogenous constitutive PLD activity to a
transphosphatidylation reaction. To investigate this
possibility, explants were labeled with [14C]oleic
Fig. 2. The PKC activator PDBu increases the activity of PLD
in mammary gland explants. Mammary gland explants were la-
beled for 3 h with [14C]oleic acid and then further incubated
for the indicated times (A) or for 30 min (B) in the absence
(3) or the presence (+) of 1% butanol (But), 1 WM PDBu
(PDBu) or butanol plus PDBu. Total lipids were extracted, re-
solved by TLC, and the radioactivity associated with [14C]PC,
[14C]PA and [14C]PtdBut was quanti¢ed. For each condition,
the ratio PtdBut/PC (A) or PA/PC (B) was expressed as a per-
centage of PC. The mean þ S.D. of ¢ve (A) or three (B) inde-
pendent experiments is shown.
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acid, incubated in the presence of 1% butanol and
the extracted lipids were separated by thin layer
chromatography (TLC). Con¢rming previous obser-
vations by other investigators in several cell types,
the basal activity of PLD in MEC after 30 min in-
cubation with butanol was low (Fig. 2A, +/3, 30).
Consistent with this, the proportion of 14C-labeled
PC (35 þ 2% of total phospholipids) was not signi¢-
cantly modi¢ed by the primary alcohol. However,
when the incubation with butanol was performed
for 90 min, the proportion of radioactive PtdBut in-
creased (Fig. 2A, +/3, 90). We concluded that the
e¡ect of butanol on milk protein secretion was due
to inhibition of PLD-catalysed production of PA
subsequent to the diversion of the PLD activity to
transphosphatidylation reaction with primary alco-
hol.
To obtain further evidence for the implication of
PLD in the secretion of milk proteins we also wished
to study whether the stimulation of PLD activity
would in turn lead to an acceleration in their trans-
port in the secretory pathway (see Fig. 7). As a ¢rst
attempt toward this goal, we veri¢ed whether PLD,
which is known to be activated by PKC, could be
indirectly stimulated by the PDBu in our cell system.
This revealed that the production of PtdBut was
greatly enhanced by PDBu (V3.8-fold increase at
90 min) as early as 30 min of incubation (Fig. 2A,
+/+, 30 and 90). Consistent with this, addition of
PDBu alone resulted in an increase in PA production
over a 30-min period (Fig. 2B, 3/+). (As compared
to published works, the levels of PtdBut and PA
were moderately increased by PDBu. This is most
likely due to the fact that, in contrast to most inves-
tigations which make use of cell lines, the labeling of
mammary gland explants with radioactive fatty acid
cannot be extended over a 3-h period because the
synthesis of milk proteins drops after 6^8 h incuba-
tion.) Although smaller, an increase in PA level was
also observed in the presence of PDBu plus butanol
(Fig. 2B, +/+). Theoretically, this formation of PA
could also be the result of phospholipid hydrolysis by
phospholipase C followed by action of diacylglycerol
kinase. However, the fact that the PDBu-induced
stimulation of PA production was partially abolished
by butanol and a higher amount of PtdBut was
formed (Fig. 2A, +/+) further demonstrated that
PKC stimulated PLD in MEC.
3.3. Butanol di¡erentially a¡ects the transport of the
caseins and WAP from the ER to the Golgi
apparatus
To localise the steps of the secretory pathway
which involved a PLD activity we ¢rst studied the
e¡ect of butanol on the transport of newly synthe-
sised proteins from the ER to the Golgi apparatus by
pulse-chase labeling coupled to subcellular fractiona-
tion on linear sucrose gradients. When proteins were
labeled in the ER with [35S]methionine/cysteine for
3 min (Fig. 3, Pulse), the peak of radioactive caseins
and WAP was found in the bottom half (fractions 8^
10, d = 1.20 g/ml in fraction 9) of the gradient. This
distribution of the rough ER across the gradient
fractions was con¢rmed by EM analysis (data not
shown). To determine the localisation of the Golgi
apparatus in the sucrose gradient, the activity of sia-
lyltransferase, a Golgi-resident enzyme known to be
localised in the trans-most Golgi cisternae and the
TGN [38,39], was measured in each fraction (Fig.
3, Pulse, Sial Tf). The maximum of activity was
found in the middle of the gradient (65% in fractions
5^7, d = 1.13 g/ml in fraction 6). When [35S]methio-
nine/cysteine pulse-labeled explants were chased for
15 min (Fig. 3, Chase 3But, Cas), the majority of
radioactive casein was found in the fractions contain-
ing the Golgi apparatus (V60% in fractions 5^7). In
contrast, when explants were chased in the presence
of butanol only 38% of Ks2-casein reached fractions
5^7, 42% still being associated with the rough ER
(Fig. 3, Chase +But, Cas). As to WAP, after chase
in the absence of butanol, only 41% of the protein
had moved to the Golgi and co-distributed with the
caseins whereas 28% was found in fractions 8^10
(Fig. 3, Chase 3But, WAP), suggesting that the
transport of caseins and WAP from the ER to the
Golgi apparatus occurred with distinct kinetics.
When butanol was present during the chase, the
amount of WAP recovered in the Golgi fractions
(V33%) was slightly but signi¢cantly smaller (Fig.
3, Chase +But, WAP). These results indicated that,
while butanol a¡ected the transport of both markers
to the Golgi, the extent of this inhibition varied be-
tween caseins and WAP. In the presence of butanol,
the relative proportion of caseins which moved to the
Golgi fractions was reduced byV1/3 whereas that of
WAP was only decreased by V1/4.
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Fig. 3. Butanol slows down the transport of milk proteins from the ER to the Golgi apparatus. Explants were labeled for 3 min
(Pulse) or pulse-labeled and then chased for 15 min in the absence (Chase 3But) or presence of butanol (Chase +But). The PNS pre-
pared from tissue collected at the end of the pulse or the chase was subjected to equilibrium sucrose gradient centrifugation. Proteins
from each fraction (1, top; 12, bottom) were analysed by SDS-PAGE followed by £uorography and quanti¢cation of [35S]methionine/
cysteine-labeled Ks2-casein (Cas) and WAP (WAP). The endogenous activity of sialyltransferase was measured in each fraction (Sial
Tf, dashed line) of a separate gradient. The amount of [35S]methionine/cysteine-labeled Ks2-casein (Ks2-cas), WAP and the sialyltrans-
ferase activity in each fraction were expressed as a percentage of total labeled Ks2-casein or total sialyltransferase activity recovered in
the gradient. The arrowheads and the arrows indicate the peak of ER and Golgi, respectively. The mean þ deviation of single value
from the mean of two independent experiments is shown.
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Another way to investigate the transport of secre-
tory proteins in the early secretory pathway is to
monitor the acquisition of their post-translational
modi¢cations. Since phosphorylation of the caseins
was shown to occur in the Golgi apparatus, their
arrival in the Golgi or the TGN can be followed
by measuring the conversion of the newly synthesised
form of these proteins to their mature form. To
study milk proteins maturation, pulse-labeled ex-
plants were chased for the indicated time and the
proteins from the PNS were analysed by 2D-PAGE
to resolve immature and mature forms of the caseins
and WAP (Fig. 4B, Control). Until 15 min chase, the
percentages of the mature form of L-casein were con-
stantly below those calculated for Ks1-casein (Fig.
4A,C). Con¢rming previous observations [23], this
suggested that, in rabbit MEC, phosphorylation of
L-casein also occurred in a more distal compartment
than that of Ks1-casein. This possibility was sup-
ported by the observation that mature Ks1-casein
and WAP still appeared in brefeldin A-treated cells
whereas the terminal phosphorylation of L-casein
was impaired (our unpublished results). These data
demonstrated that, in rabbit MEC, L-casein matures
in the TGN. This conclusion was further supported
by the observation that both proteins reached similar
maturation levels (V70^80%) when cells were chased
for 30 min (Fig. 4A,C). When the chase was per-
formed in the presence of 1% butanol (Fig. 4B, Bu-
tanol), the percentage of mature forms of the two
caseins was decreased by V40% after 15 min, as
well as after a 30-min chase (Fig. 4C). Since subcel-
lular fractionation (see Fig. 3) showed that butanol
caused a decrease in the rate of transport of the
caseins to the Golgi apparatus, we are con¢dent
Table 2
Kinetics of secretion of newly synthesised caseins and WAP
from the TGN
Time of chase (min) [35S]Met/Cys-labeled proteins in
medium (% of total)
Caseins WAP
15 1 þ 0.5 1 þ 0.8
30 2 þ 0.9 2 þ 1.2
45 4 þ 1.2 8 þ 1
60 7 þ 0.7 15 þ 0.9
90 15 þ 0.3 25 þ 0.8
Mammary gland explants pulse-labeled for 3 min with
[35S]methionine/cysteine and chased for 60 min at 20‡C were
further chased at 37‡C for the indicated times. The percentage
of secretion was calculated as described in Fig. 5. The mean þ
deviation of single value from the mean of a duplicate experi-
ment is shown.
Fig. 4. Butanol reduces the maturation of the caseins, but not of WAP. Explants were pulse-labeled and chased for the indicated
times (A) or chased for either 15 or 30 min (C) in the absence (Cont) or the presence of butanol (But). Proteins from the PNS were
resolved by 2D-PAGE followed by £uorography, and the radioactivity associated with immature and mature forms of Ks1-casein (Ks1-
Cas), L-casein (L-Cas) and WAP (WAP) was quanti¢ed. For each protein, the amount of mature form is expressed as a percentage of
total mature plus immature forms. The mean of a triplicate experiment (A) or the mean þ S.E.M. of ¢ve experiments (C) are shown.
(B) Representative £uorograms from samples chased for 30 min in the absence or the presence of butanol are shown. iL : immature
L-casein; mL : mature L-casein; iKs1 : immature Ks1-casein; mKs1 : mature Ks1-casein; iWAP: immature WAP; mWAP: mature WAP.
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that the reduction of their maturation was not due to
inhibition by the primary alcohol of the kinase re-
sponsible for their phosphorylation. As to WAP, its
level of maturation in the absence of butanol was
delayed compared to that of Ks1-casein (Fig. 4A,C).
This con¢rmed our previous observation that the
transport of WAP to the Golgi apparatus was slower
than that of the caseins (see Fig. 3, Chase 3But,
compare Cas and WAP). However, while the e¡ect
of butanol on the maturation of Ks1-casein and
L-casein was very similar, the phosphorylation of
WAP was not signi¢cantly a¡ected by the primary
alcohol (Fig. 4C).
Taken together, these results, obtained by two
complementary approaches, clearly demonstrated
that the transport of the caseins from the ER to
the Golgi apparatus is inhibited by butanol. From
these data and the observation that butanol diverts
the constitutive PLD-catalysed production of PA by
transphosphatidylation we concluded that, in MEC,
this transport step involves a PLD-dependent mech-
anism. It is noteworthy, however, that the tra⁄cking
of WAP from the ER seemed to be less dependent on
PLD activity.
3.4. Butanol reduces secretory vesicle formation from
the TGN
Several studies have shown that PLD is involved
in secretory vesicle formation from the TGN [8,10].
To explore this issue in MEC, mammary gland ex-
plants were pulse-labeled, incubated for 60 min at
20‡C to accumulate newly synthesised proteins in
the TGN, and chased in the absence or the presence
of 1% butanol or terbutanol for a further 60 min at
37‡C. As shown in Fig. 5A, when butanol, but not
terbutanol, was present during the chase, the amount
of both caseins and WAP recovered in the medium
was greatly reduced. One possible explanation for the
latter ¢nding is that PLD activity would be required
for the fusion of secretory vesicles with the plasma
membrane. Interestingly, however, when butanol was
added at later time points, higher proportions of
milk proteins were recovered in the medium during
the 60-min chase at 37‡C (Fig. 5B). When butanol
was present during the last 15 min of chase, the
secretion of caseins and WAP was back to control
levels. Since the kinetics of secretion of the two se-
cretory markers were in the linear range until at least
90 min of chase (Table 2), these results suggested
that butanol did not impair the fusion of the secre-
tory vesicles with the plasma membrane but rather
Fig. 5. Butanol slows down the transport of both caseins and
WAP from the TGN to the plasma membrane. Explants were
pulse-labeled for 3 min at 37‡C and chased for 60 min at 20‡C.
(A) Explants were then further chased for 60 min at 37‡C in
the absence (Cont) or the presence of terbutanol (tBut) or buta-
nol (But). (B) Butanol was added either at the beginning of the
chase (0 min) or at various time points thereafter (+15, +30
and +45 min), and explants were incubated until 60 min. (A
and B) Proteins from medium collected at the end of the chase
and an aliquot of the PNS prepared from tissue were analysed
by SDS-PAGE. The radioactivity associated to caseins (Cas)
and WAP (WAP) was quanti¢ed and the percentage of secre-
tion was calculated. The results are expressed as a percentage
of control. The mean þ S.D. of three triplicate experiments is
shown.
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inhibited their formation from the TGN. It is note-
worthy, however, that at the earliest time points of
butanol addition, relatively less WAP was secreted as
compared to the caseins. This is most likely due to
the fact that after 1 h chase at 20‡C, a greater pro-
portion of newly synthesised WAP remained in the
rough ER (data not shown). Therefore, when buta-
nol was added after 15 or 30 min of chase at 37‡C,
the transport of this subset of WAP molecules was
most likely a¡ected at the TGN level. This may ex-
plain, at least in part, why the apparent e¡ect of the
primary alcohol on WAP secretion from this com-
partment was increased following incubation at 20‡C
(compare with the percentage of secretion obtained
in Fig. 1).
To obtain further evidence for the role of PLD in
the formation of secretory vesicle from the TGN we
studied the morphology of MEC which were incu-
bated for 30 min in the absence or the presence of
butanol or terbutanol. Fig. 6, left panel, shows the
characteristic morphological aspect of MEC with nu-
merous secretory vesicles containing caseins micelles
and a well-developed Golgi apparatus with slightly
distended trans cisternae. In line with our biochem-
ical observations, terbutanol did not a¡ect the mor-
phology of the cells (data not shown). In contrast,
butanol treatment caused a great reduction in the
number of secretory vesicles (Fig. 6, Butanol). This
con¢rmed that butanol did not impair exocytosis.
The surface occupied by secretory vesicles in control
cells was V11.3% þ 0.7 of the cell surface whereas in
butanol-treated cells this surface represented
V3.0% þ 1.8. In the latter case the vesicles were
mostly found at the apical part of the cell. As to
the Golgi stacks, they appeared as highly swollen
structures, the polarity of which was di⁄cult to de-
¢ne (Fig. 6, Butanol, G).
These biochemical and morphological observa-
Fig. 6. Butanol reduces the formation of secretory vesicles from the TGN. Explants were incubated in the absence (Control) or the
presence of butanol (Butanol) for 30 min, ¢xed and processed for EM. Representative ¢elds are shown. Note the remarkable reduc-
tion in the total number of casein-containing secretory vesicles in butanol treated cells. Note also the modi¢cations of the morphology
of the Golgi apparatus. Arrows: caseins micelles. G: Golgi. SV: secretory vesicles. Bar, 2 Wm.
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tions indicate that the formation of secretory vesicles
from the TGN was a¡ected by butanol and strongly
suggested that production of PA by PLD is involved
in the formation of the post-TGN vesicles which are
responsible for the secretion of both caseins and
WAP.
3.5. PDBu enhances the secretion of caseins and WAP
by PLD-dependent and -independent mechanisms
respectively
As shown in Fig. 2, PDBu strongly enhanced the
PLD activity thereby increasing PA levels in mam-
mary explants. As butanol clearly reduced the trans-
port of milk proteins in the secretory pathway, one
would expect conversely that an increase in PA pro-
duction following the stimulation of the PLD activity
by PDBu would stimulate the secretion of these pro-
teins. To explore this issue, we ¢rst investigated the
e¡ect of the PKC activator on the overall e⁄ciency
of milk protein secretion. Pulse-labeled explants were
chased for 90 min at 37‡C in the absence or the
presence of 1% butanol, 1 WM PDBu or both. Con-
¢rming previous observations (see Fig. 1 and Table
1), the secretion of caseins and WAP was reduced by
v 50% and V20% respectively in the presence of
butanol (Fig. 7A, But). In contrast, incubation in
the presence of PDBu increased the secretion of
both caseins and WAP (Fig. 7A, PDBu). The stim-
ulation of WAP secretion, however, was greater.
When the chase was performed in the presence of
both PDBu and butanol (Fig. 7A, PDBu/But), the
proportion of caseins in the secretion medium almost
returned to butanol level. Interestingly, this behav-
iour of the caseins was in striking contrast to that of
WAP, whose secretion was still stimulated by V35%
in these conditions. This indicated that the PDBu-
induced stimulation of WAP secretion was at least
in part independent of PA production by PLD. The
latter ¢nding was consistent with our observation
that butanol was much less potent on the overall
secretion of WAP and had little e¡ect on its trans-
port from the ER to the Golgi apparatus. In con-
trast, the fact that butanol inhibited caseins secre-
tion even in the presence of PDBu con¢rmed that
PLD-induced formation of PA is required for the
e⁄cient transport of these proteins in the secretory
pathway.
Fig. 7. E¡ect of PDBu on the transport of caseins and WAP in
the secretory pathway. Explants either pulse-labeled for 3 min
at 37‡C (A) or pulse-labeled and chased for 60 min at 20‡C (B)
were respectively chased for 90 or 60 min at 37‡C, in the ab-
sence (Control) or the presence of 1% butanol (But), 1 WM
PDBu (PDBu) or PDBu plus butanol (PDBu/But). For each
condition, proteins from medium and from an aliquot of the
PNS prepared from tissue collected at the end of the chase
were analysed by SDS-PAGE followed by £uorography. The
radioactivity contained in caseins (Cas) and WAP (WAP) was
quanti¢ed and the percentage of secretion was calculated. The
results are expressed as percent of control. The mean þ S.D. of
three triplicate experiments is shown.
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Further to con¢rm the implication of PLD in
the formation of secretory vesicles from the TGN,
we also investigated the e¡ect of the PKC activator
on the secretion of milk proteins after their accumu-
lation in this compartment at 20‡C. Fig. 7B shows
that PDBu also enhanced the secretion of caseins
and WAP from the TGN, their release reaching
levels similar to those found when accumulation
of secretory proteins in the TGN was omitted.
However, in striking contrast to the observations
made in Fig. 7A, butanol completely obliterated
the PDBu-induced stimulation of the secretion of
the two markers. In fact, their secretion was iden-
tical to that observed in the presence of butanol
alone.
We concluded from these results that the mecha-
nism implicated at least in the formation of secretory
vesicles which transport the caseins from the TGN
involves a PLD activity.
4. Discussion
PLD has been shown to play a role in vesicular
tra⁄c in the secretory pathway of several cell lines
(for review see [40]), between the ER and the Golgi
apparatus [6] and at the level of secretory vesicle
formation from the TGN [8^10]. Here we demon-
strated that PLD and its lipid product, PA, are im-
plicated in the transport of secretory proteins in a
tissue, the mammary epithelium. We showed that,
in MEC, PLD-dependent mechanisms are involved
in both the transport of milk proteins from the ER
to the Golgi and the formation of secretory vesicles
from the TGN. However, butanol did not a¡ect the
secretion of caseins and WAP to the same extent.
Our results strongly suggested that the transport
of WAP to the Golgi was much less dependent on
the production of PA than that of the caseins. In
addition to the butanol e¡ect, the involvement of
PLD in the above transport steps was further dem-
onstrated by the observation that (i) stimulation
of PLD activity by PKC increased both PA produc-
tion and milk protein secretion and (ii) casein secre-
tion in these conditions was still inhibited by buta-
nol. Finally, consistent with the high secretory
activity of MEC, a constitutive PLD activity was
observed.
4.1. The transport of the caseins and WAP from the
ER to the Golgi apparatus occurs with di¡erent
kinetics
The analysis of the transport of milk proteins from
the ER to the Golgi revealed two aspects of the fate
of milk proteins in the secretory pathway. First, we
observed that the maturation of the caseins occurred
at di¡erent sites of the Golgi complex. While the
phosphorylation of Ks1-casein took place in the Golgi
apparatus, L-casein was most likely phosphorylated
in the TGN. These results demonstrated that the
sequential phosphorylation of the caseins in the Gol-
gi complex, a phenomenon that was previously ob-
served in mouse MEC [23], is a general feature of the
maturation of caseins. Second, both subcellular frac-
tionation and the analysis of the maturation of milk
proteins revealed that the kinetics of transport of
WAP from the ER to the Golgi was slower than
that of the caseins. Two principal possibilities, which
are not mutually exclusive, can be envisaged to ex-
plain the mechanism by which secretory proteins
could exit the rough ER at di¡erent rate. First, a
speci¢c protein could be actively retained in the
ER. Proper folding and oligomerisation of secretory
proteins are often a prerequisite for their forward
transport from the ER (for review see [41]). Elucida-
tion of the primary structure of WAP revealed a high
content in cysteine residues which are believed to
participate in multiple intramolecular disulphide
bonds [26,42]. Moreover, rabbit WAP in milk was
shown to consist of a dimer in non-reducing condi-
tions [27]. Hence, the observed slower rate of export
of WAP from the ER could be due to the time re-
quired for its correct folding and dimerisation. Con-
sistent with this idea, preliminary experiments
showed that treatment of rabbit MEC by the perme-
able reducing agent dithiothreitol caused the com-
plete blockage of WAP in the rough ER while the
secretion of caseins was not a¡ected (our unpub-
lished results). Our observation that incubation at
20‡C, a temperature at which folding is most likely
less e⁄cient, blocked the export of a certain propor-
tion of WAP molecules from the ER (data not
shown), also supports this concept. A second possi-
bility is that the forward transport of the caseins
from the ER, in contrast to that of WAP, is opti-
mised through an active selection mechanism during
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their packaging in ER-derived vesicles, as will be
further discussed below. This would imply the exis-
tence of anterograde sorting signals for recognition
by transmembrane adapters or speci¢c receptors, for
soluble secretory proteins. The fact that interaction
between the caseins might already take place in the
ER [43], an event which would at least increase their
concentration in transport vesicles, is in agreement
with this possibility. Moreover, we have shown that
Ks1-casein, but not L-casein, is required for the e⁄-
cient transport of the other caseins out of the ER
[43]. From this, it is tempting to speculate that Ks1-
casein would contain an anterograde sorting signal.
4.2. The transport of the caseins and WAP from the
ER to the Golgi apparatus involves PLD-
dependent and -independent mechanisms,
respectively
Two classes of transport vesicles, COPI- and COP-
II-coated vesicles, are believed to function in the bi-
directional transport process that occurs between the
ER and the Golgi apparatus (for review see [44,45]).
Evidence has recently accumulated which indicates
that for anterograde transport, at least some newly
synthesised secretory proteins would be ¢rst concen-
trated and packaged into COPII-coated vesicles (for
review see [45,46]). In contrast, COPI-coated vesicles
would move bi-directionally between the ER and the
Golgi, mediating the anterograde protein transport
from the intermediate compartment or ERGIC
[47,48] to the cis-most cisternae of the Golgi and
the recycling to the ER of the molecular machinery
responsible for protein sorting and vesicles formation
for another round of secretory protein selection and
vesicle budding (for review see [49]).
The formation of COPII- and COPI-coated
vesicles is dependent upon the recruitment of the
small GTP-binding proteins Sar1p and ARF, respec-
tively, to the donor membranes (for review see
[45,49]). Because ARF stimulates PLD activity
[8,16,17] one can speculate that primary alcohols
would primarily a¡ect the formation of COPI-coated
vesicles. This implies that anterograde transport from
the ERGIC would be a¡ected. In addition, if COPI-
coated vesicles mediate the recycling of the compo-
nents required for protein sorting and anterograde
carrier vesicles biogenesis, their subsequent depletion
in the ER membrane would in turn result in an alter-
ation of protein export from the ER. Our observa-
tion that butanol reduced the transport of newly syn-
thesised caseins to the Golgi is consistent with this
hypothesis. Surprisingly, however, the transport of
WAP was less signi¢cantly attenuated by butanol.
The easiest explanation for this latter ¢nding is that
the transport of WAP to the Golgi would be by bulk
£ow [50] whereas the packaging of the caseins into
COPII-coated vesicles would be via a positive selec-
tive mechanism. The evidence supporting an active
and selective incorporation of certain secretory pro-
teins into ER-derived transport vesicles is two-fold.
First, morphometric approaches indicate that at least
some secretory proteins are concentrated before their
exit from the ER [51,52]. Second, a sorting signal in
cargo proteins has been documented. The selective
export of VSV-G protein from the ER has been dem-
onstrated to require a di-acidic signal in its cytoplas-
mic tail [53]. As discussed above, our previous data
demonstrated that the e⁄ciency of casein transport
to the Golgi is dependent upon the presence of Ks1-
casein [43]. This strongly suggests that this casein
would contain a signal which optimises the transport
of the all caseins out of the ER. In this context, one
can speculate that the butanol-induced decrease in
the formation of COPI-coated vesicles engaged in
retrograde transport would also result in the deple-
tion in the ER and/or ERGIG membranes of the
speci¢c adapter or receptor proteins involved in the
e⁄cient targeting of the caseins to anterograde car-
rier vesicles. Finally, it is noteworthy that the kinetics
of maturation of both caseins and WAP were not
increased upon stimulation of PLD activity by
PDBu (data not shown).
4.3. PLD is involved in secretory vesicle formation
from the TGN
Consistent with the notion that PLD plays an im-
portant role in secretory vesicles formation [8,10], we
found that butanol treatment of MEC reduced the
secretion of milk proteins from the TGN. We are
con¢dent that this decrease largely re£ected the inhi-
bition of secretory vesicles formation since the num-
ber of secretory vesicles in butanol-treated cells was
clearly reduced. To investigate this issue further we
attempted to monitor the e¡ect of butanol on secre-
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tory vesicles formation by subcellular fractionation.
However, these experiments were hampered by the
fact that in equilibrium sucrose gradient the vast
majority of the secretory vesicles co-sedimented
with ER vesicles which, after incubation of the cells
at 20‡C and a short chase at 37‡C, still contained a
substantial amount of milk proteins, notably WAP
(data not shown). This did not allow reliable quanti-
¢cation of secretory vesicle formation. However, the
inhibition of their formation by butanol was further
suggested by the ¢nding that addition of the primary
alcohol at chase times when most newly synthesised
secretory proteins had apparently left the TGN al-
lowed their release into secretion medium. This and
our morphological data indicated that butanol did
not interfered with secretory vesicle exocytosis, as
previously shown by Coorssen [54]. The possibility
that PLD would be involved in the formation of
secretory vesicle from the TGN of MEC was further
supported by the following observations. First, acti-
vation of PKC by PDBu which was demonstrated to
increased PLD activity and PA production stimu-
lated milk proteins secretion from the TGN. This
explained the previous observation that PKC activa-
tion increases the basal level of casein secretion [55].
Second, the stimulation of secretion by PDBu was
impaired by butanol, the level of casein secretion in
these conditions being similar to that observed with
the primary alcohol alone. We conclude from these
correlation that PA production by PLD is involved
in the formation of secretory vesicles from the TGN.
Finally, it is noteworthy that we only obtained a
clear reduction of WAP secretion by butanol, i.e.
similar to that of caseins, when secretory proteins
were ¢rst constrained to accumulate in the TGN at
20‡C. In these conditions, addition of PDBu in the
presence of butanol did not stimulate the secretion of
any of the two markers. These e¡ects were in contra-
diction with the following observations. First, when
pulse-labeled cells were chased at 37‡C in the pres-
ence of butanol, the decrease in the overall WAP
secretion was much less than that of caseins. Second,
while inhibition of casein secretion by butanol was
concentration-dependent, WAP secretion was only
a¡ected by concentrations above 0.5%. Third, when
protein accumulation was omitted, the stimulation of
WAP secretion by PDBu still occurred in the pres-
ence of butanol. These results indicated that PLD-
dependent PA production is at least in part dispen-
sable for WAP secretion. In line with this, we have
shown that the transport of WAP from the ER to the
Golgi was not signi¢cantly a¡ected by butanol.
These observations suggest that activation of an un-
known factor by PKC or PKC-induced PA produc-
tion (via diacylglycerol as a result of phospholipase
C activation) could act at another key step of WAP
transport. It has been recently reported that PDBu
can stimulate PI-PLC activity in insect cells [56].
However, the fact that the kinetics of WAP matura-
tion was not increased by PDBu (data not shown)
eliminated the possibility that the e¡ect of PDBu on
WAP secretion was due to an increase in its trans-
port from the ER to the Golgi. Alternatively, the
e¡ect of butanol on WAP secretion following incu-
bation at 20‡C could have been due to protein accu-
mulation in the TGN. Previous studies have shown
that prevesicular structures still form at 20‡C but
that their release is blocked [9]. In line with this,
electron microscopy of MEC revealed that incuba-
tion at 20‡C induced the dilation of the TGN which
appeared as large swollen structures (data not
shown). Hence, one can speculate that the accumu-
lation of WAP in these structures would alter its
sorting. Subsequent shift of the cells to 37‡C induced
a rapid release of these vesicular structures from the
TGN (data not shown). Our observation that buta-
nol inhibited the secretion of milk proteins from this
compartment, following their accumulation at 20‡C,
indicated that the release of these secretory vesicles is
dependent on PA production by PLD. Therefore,
when cells were chased at 37‡C only, one cannot
exclude that PDBu induced the packaging of at least
part of the WAP molecules in secretory vesicles, the
formation of which is not dependent on PLD.
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